We show that wireless quantum broadcasting through relativistic quantum fields is impacted by geometry in nontrivial ways that can be traced to the no-cloning principle. To study these phenomena, we extend the framework of models usually employed in the field of relativistic quantum information to allow for the non-perturbative description of, e.g., quantum state transfer. We consider, in particular, the case of 1+1 spacetime dimensions, which already allows a number of interesting scenarios, pointing to, for example, new protocols for quantum secret sharing.
I. INTRODUCTION
Wireless communication, be it through fundamental fields such as the electromagnetic field in the vacuum, or also through the fields of collective degrees of freedom in condensed matter systems, can be a powerful tool as it allows a sender to broadcast information to multiple receivers without the need for much infrastructure.
This raises the question to what extent wireless communication allows the transmission of not only classical but also quantum information. This is particularly interesting in the light of the latest development in satellitebased quantum communication [1, 2] and in the light of the no-cloning principle.
The conventional account of quantum communication through, e.g., the electromagnetic field is straightforward: an excited atom decays, emitting a photon, and another atom in its ground state absorbs the photon. However, when analyzed rigorously in the context of quantum field theory, this intuitive view reveals itself to be too simplistic to capture all of the features of wireless quantum communication. For example, special care needs to be taken regarding often-used approximations that can introduce a subtle break of causality [3] . Here, we present a rigorous study of the transmission of quantum information in wireless communication, focusing, in particular, on the task of quantum state transfer [4] .
The formal quantum channel between atoms, fully taking into account relativistic considerations, was first introduced in [5] . It has been shown that such quantum channels exhibit surprising phenomena, such as the ability to transmit classical information without transmitting energy in certain circumstances [6] [7] [8] .
In the present paper, we focus on the fact that wireless signals can be emitted simultaneously in multiple directions. In classical communication, this feature enables a sender to reach many receivers at once, but for the transmission of quantum information, this can be a major obstacle. Indeed, obstructions to obtaining a finite quantum channel capacity for wireless communication via a field should be expected because of the no-cloning theorem: If Alice was able to reliably broadcast quantum information such that it could be received by multiple independent (e.g., space-like separated) Bobs independently, then her message could be cloned.
Therefore, non-zero quantum capacity can only be achieved when the symmetry of the sender-field interaction is broken and the sender's signal is emitted highly focused in one direction. Alternatively, when two or more receivers receive equal signals from the sender, then these receivers will need to cooperate in order to establish a channel with non-zero quantum capacity with the sender. While this latter aspect may appear as an obstacle to quantum information transmission by itself, it can also be viewed as a feature: The fact that different receivers are forced to cooperate may enable the implementation of tasks such as quantum bit commitment or quantum secret sharing. On quantum bit commitment or secret sharing, see, in particular, [9] [10] [11] [12] .
Concretely, we propose in the present work a nonperturbative protocol for wireless quantum communication via a relativistic field. Going beyond previous work by Landulfo [13] , our protocol achieves non-zero quantum capacity. To this end, we use an extension of nonrelativistic quantum state transfer protocols that were originally designed for electromagnetic fields in an optical cavity [14] . Our model serves as a prototype for the general study of quantum information transmission in wireless communication via quantum fields.
The article is structured as follows. Section II A begins by reviewing how the equal emission of signals in different directions generally results in zero quantum capacity between the sender and any single receiver. Technically, this follows from the observation that, for a channel with two equal receivers, the channel to any single receiver is anti-degradable. Section II B goes on to discuss examples of interesting quantum information processing tasks that are possible -either despite or because of -the presence of symmetric signals.
Section III introduces the Unruh-DeWitt particle detector model, which we use to model localised quantum signaling devices. In particular, it discusses in detail how a certain modification of the model (using Dirac δ-distribution as switching functions) leads to field-detector couplings which can be treated non-perturbatively. Using a sequence of two such couplings, it is possible to achieve non-zero quantum capacity from the sender to the field.
In order to complete the wireless communication protocol, the receiver then needs to retrieve the quantum information from the field. Section IV details a sequence of couplings between the receiver and the field that achieve this. Together with the sender couplings from Section III, these allow for quantum state transfer -and maximum quantum capacity -through a massless scalar field in 1+1 dimensional spacetime.
This state transfer protocol essentially bundles the emitted signal, thereby avoiding the obstacles of symmetrically propagating signals, by coupling the signaling devices only to the right-moving momentum of the field. In contrast to this, in Section V we consider a scenario in which the sender is coupled symmetrically to both left-and right-moving modes of a field in a cavity, which leaves the message delocalised between them. In this case, we show that a receiver can only access the quantum information at specific focal points where both parts of the message recombine after being reflected from cavity walls.
Throughout the paper we use natural units, c = = 1.
II. SYMMETRY AND WIRELESS QUANTUM COMMUNICATION
In classical wireless communication antennae are often designed to emit their signals symmetrically, so as to be able to reach receivers in many different directions. The loss of signal power that results from distributing the signal can be compensated for by the receivers, e.g., by the use of amplifiers. This approach is impossible in quantum wireless communication because quantum information cannot be cloned. Here the symmetric emission of wireless signals poses a fundamental obstacle to quantum information transmission.
In this section we discuss wireless communication settings in which two or more receivers are receiving equal signals from one sender, in the sense that the state resulting from the channel is symmetric under exchange of the receivers. We begin by reviewing why this necessarily leads to vanishing quantum capacity of the channel from the sender to a single receiver. We then discuss certain tasks of quantum information processing which are possible either despite, or because of the symmetric propagation of signals.
In order to keep the discussion general, we make no specific assumptions on the type of quantum signaling device being used. Instead, we only discuss general properties of the quantum channel between sender (Alice) and receiver (Bob), i.e., the map from Alice's input state to Bob's output state, or we use simple toy models for illustration.
A. Symmetric emission results in vanishing quantum capacity
The observation that the quantum capacity from a sender to a single receiver is zero if the signal is sent symmetrically to two or more receivers can be understood as a consequence of the no-cloning theorem: Assume that two receivers receive equal signals from a sender and that this signal contains enough information to reconstruct the sender's initial state. Then both receivers could independently produce copies of that state, which is, of course, a violation of the no-cloning theorem.
This argument can be formalized by noting that the quantum channel from the sender to a single receiver in this scenario is anti-degradable, which implies that its quantum capacity is zero. To this end, let us briefly review the notions of quantum capacity and antidegradability.
Quantum capacity measures a quantum channel's usefulness for transmitting quantum information; more concretely, for sharing entanglement: Suppose that Alice initially shares a generic entangled state, e.g.,
with a third party, Charlie. Alice then attempts to send her half of the state to Bob by passing her half through a quantum channel ξ. If Alice succeeds, so that in the end Bob shares the state |ψ with Charlie, then Alice has transmitted quantum information to Bob. In this ideal case the quantum channel would have maximal quantum capacity.
The quantum channel capacity measures the rate at which a non-ideal, noisy channel can be used to transmit quantum information. It is given by the number of qubits of information which can be transmitted faithfully (with arbitrarily small error) per channel use, when many replicas of the channel are used in parallel. (For a thorough treatment of the topic, e.g., see [15] .)
The definition of anti-degradability of a quantum channel uses the concept of the complementary channel. It is rooted in the Stinespring dilation of the channel: Any given quantum channel Φ, acting on states in H S , can be represented as resulting from a unitary U SE that acts on H S ⊗ H E , where H E is referred to as the environment, as
The complementary channelΦ is then defined as
and it maps an input state ρ on H S to the partial state of the environment after the joint evolution. The channel Φ is called anti-degradable if there exists another quantum channel Φ R such that Φ = Φ R •Φ, i.e., the channel Φ can be obtained by composing the channel Φ R and the complimentary channelΦ [15, 16] . Physically speaking, this means that full information about the output state of an anti-degradable channel is contained in
In a scenario with two or more equal receivers the quantum capacity of the quantum channel Φ from the sender to a single receiver vanishes. This is because Φ is an antidegradable channel.
the final state of the environment. One can now see, by a no-cloning type of argument, that the quantum capacity of anti-degradable channels is zero [17, 18] . Now consider a scenario with a single emitter, A, and two or more equal receivers, B i , that are coupled via a field F . It is straightforward to see that the channel Φ from A to any single receiver, say B 1 is anti-degradable: A unitary dilation of Φ is simply given by the unitary time evolution operator of the total system, which is composed of the signaling devices of sender and receivers as well as the field. It comprises the unitary interaction between A and F , between F and the B i , as well as the free evolution of all components.
The channel Φ, from A to B 1 , is obtained by tracing out the field and all other signalling devices B i =1 . Conversely, the complimentary channelΦ is obtained by tracing out only B 1 . However, due to the symmetry of the signal, the partial state of B 1 is identical to that of any of the other receivers, which now are considered part of the environment. Consequently, by composingΦ with the partial trace over F and all but one other receiver, we again obtain the channel Φ. It follows that Φ is antidegradable, and we conclude that the symmetric emission of signals by a sender to two or more receivers leads to vanishing quantum capacity between the sender and any single receiver.
This applies, for example, to the simple picture of wireless quantum communication where one qubit of information is encoded into the initial state of a sender atom which then emits this quantum information as a photon into the electro-magnetic field. Because the interactions in nature generally are symmetric, e.g., spherically symmetric, left-right symmetric, etc., the quantum channel from the sender to any one receiver that does not have access to more than half of the emitted radiation necessarily is zero. Therefore, highly directional emission profiles are essential in order to achieve wireless communication with non-zero quantum capacity.
In Section IV we construct an example of quantum state transfer between two signaling device via a massless scalar Klein-Gordon field in 1+1 dimensions. There we achieve directional emission of the signal by coupling the device only to the right-moving modes of the field.
B. Quantum information processing with symmetric signals
The previous section showed that the quantum capacity is in general zero when the sender emits their signal symmetrically into different directions. However, while this is obviously an obstacle, e.g., to quantum state transfer, there are other interesting tasks for which quantum capacity is not the relevant figure of merit and which can be solved even with symmetrically emitted signals. As one example of this we will discuss heralded stochastic state transfer.
One may also note that symmetric signals force the different receivers to cooperate in order to retrieve any quantum information emitted by the sender. Thus, the challenge of symmetric signal emission may be turned into a feature for the implementation of tasks similar to quantum bit commitment or quantum secret sharing.
Heralded stochastic state transfer
While it is impossible to deterministically transfer a quantum state from a sender to a single receiver via symmetrically emmitted signals, it is possible to do so stochastically. The key is to use an additional degree of freedom that tracks which one out of several possible receives the message actually reached.
In the simple example of an atom emitting a single photon in different possible directions, one can use the polarisation of the photon to encode the message, whereas the location of the photon serves as the additional degree of freedom. This allows each receiver to test locally whether they got the message by applying a non-demolition measurement revealing whether he received the photon or not. If the detector shows the presence of a photon, then the receiver can be certain that the initial state of the sender is encoded into the polarization of the received photon.
This idea can be formalized in a simple toy model as follows: We consider a scenario with one sender and N receivers. The sender is a qubit, but the Hilbert space of each receiver is augmented with a third orthogonal state, |v , which is interpreted as the 'void' state, of not having received a message.
The mapping from the sender's input to the final state of the receivers then is given by
The partial state of a single receiver, which is the output of the channel Φ, is obtained by tracing out all other receivers:
Notice that the information of whether a message was received can be read out by measuring {|v v| , I−|v v|}, without destroying the message itself.
The channel, as it is given in (4), is known as the quantum erasure channel [15, 19] , and it is known to have zero quantum capacity [15, 20] -once again, the arguments of symmetry and anti-degradability apply.
In such heralded signalling scenarios, it is normally assumed implicitly that each receiver only tallies runs of the experiment in which they actually received a message. In other words, receivers post-select on the outcome associated with the projector I − |v v|. Under this condition, the effective channel from the sender to the receiver is the identity channel.
This toy model demonstrates a scenario of stochastic state transfer, where the sender's initial state is transferred randomly to one of the N receivers. Despite one of the receivers obtaining the sender's state perfectly, the quantum capacity is zero because the success probability for each receiver, p = 1/N ≤ 1/2, is too low. (The quantum erasure channel acquires quantum capacity for p > 1/2 [15, 20] .)
Delocalizing quantum information among receivers
In contrast to the previous section, where a single 'lucky' receiver out of several obtained all the quantum information emitted by the sender, one could also use symmetrically propagating signals to encode quantum information in such a way that the receivers are forced to cooperate in order to retrieve it. This is relevant from a fundamental point of view, since it addresses the question how quantum information can be delocalised in a quantum field (cf. [21] ), and it could be of interest for future implementations tasks such as quantum bit commitment or quantum secret sharing [9] [10] [11] [12] .
Considering potential future applications it is particularly interesting to discuss 1+1-dimensional scenarios because these may be implemented in cavities or superconducting circuits [22] , for example. Furthermore, the problem of symmetric signal propagation is much simplified in 1+1 dimensions, since the signal can only propagate in two different directions.
The latter makes it possible to transfer the initial state of the sender into a GHZ-like state of two receivers, one located on the right side and one on the left side of the sender. Section V shows in detail how this can be implemented in a framework of localised artificial atoms coupling to a massless scalar field inside a cavity. Schematically the general initial state of the sender,
is mapped to an entangled state of the receivers on the left (L) and on the right (R)
The partial state of one single receiver is then
This only contains information about the expectation value ψ| σ Z |ψ = |c 0 | 2 − |c 1 | 2 . Consequently, in order to obtain coherent information about the sender's initial quantum state, the receivers need to bring their shares of the output state together. This entails a lower bound on the time it takes the two receivers to retrieve the sender's state, due to relativistic constraints arizing from the separation between the receivers combined with the speed of light as an upper bound in information transfer.
A generalization to more receivers and higher spacetime dimensions may be possible. However, with an increasing number of receivers the preparation of a GHZtype signal that would put N receivers into the final state c 0 |0...0 1...N + c 1 |1...1 1...N becomes increasingly challenging. Rather, one would expect to obtain states where the loss of a single, or a few receivers does not decohere the state of the remaining detectors completely. A more detailed analysis of the higher-dimensional case is subject of ongoing research.
III. TRANSMITTING A QUBIT STATE INTO THE FIELD
In the following we aim to study the general considerations of the previous section in a concrete framework of local observers interacting with a relativistic quantum field. To this end, in this section, we introduce the Unruh-DeWitt particle detector model which we use to model the interaction between observer and field. Then we analyze the first step of wireless communication which is the emission of information by the sender.
In order to transmit quantum information from Alice to Bob, we first need to transmit quantum information from Alice's detector into the field. We achieve this by using couplings between Alice's detector and the field which function as controlled displacement operators. That is, the coupling acts as a multi-mode coherent state displacement operator on the field, conditioned on the detector being in a particular control state.
A. Modelling the light matter interaction
We will model the interaction of the detectors operated by Alice and Bob by variations of the well-known UnruhDeWitt model [23] . Although simple, this detector model captures most of the fundamental features of the lightmatter interaction when there is no exchange of angular momentum [24] [25] [26] . The precise connection between the fully-featured interaction of Hydrogen-like atoms and the electromagnetic field and the Unruh-DeWitt model and its variants (such as the derivative coupling) can be seen in detail e.g., in section II of [26] .
The Unruh-DeWitt detectors (from now on referred to as the 'atoms' or 'detectors') are two-level systems, with energy eigenstates |g and |e , which interact with a background scalar field φ. The interaction Hamiltonian is of the general form
in the interaction picture. Here ν ∈ {A, B} labels Alice's and Bob's detectors, λ ν is the overall coupling strength, and χ ν (t) is the switching function, which controls the interaction time of each detector with the field. m ν (t) is the monopole moment of each detector, whose timedependence in the interaction picture is given by
where Ω ν is the energy gap between the energy eigenstates of the detector. Finally, f ν (x) are the spatial profiles of each detector, with x ν denoting the respective center-of-mass positions. Typically, if we think of the Unruh-DeWitt model as a model of the light-matter interaction, the spatial support of the atom is obtained from the atomic wavefunctions of the ground and excited states [26] . It is common to use perturbation theory to treat the time evolution of these detectors when coupled to the field. However, for our study of quantum information transmission, we need to go beyond perturbation theory and treat the interactions non-perturbatively. This is because, e.g., in quantum state transfer, the receiver may end up in a state orthogonal to their initial state which clearly cannot be viewed as merely a perturbative change of state.
To obtain non-perturbative solutions to the time evolution, we will use switching functions given by Dirac δ-distributions, as in previous literature [27] . This switching can be considered as the limit of a switching function of finite area when the duration of the interaction is taken to be very short as compared to all other relevant scales in the problem.
The Unruh-DeWitt detector can be coupled to any observable of the field, not only the field amplitude. Below we make use of this and, e.g., couple the detectors to the right-moving field amplitude of a massless field in 1+1 dimensions.
B. Earlier studies of zero-gap detectors
The quantum capacity of the channel between two particle detectors has been addressed recently by Landulfo [13] . There detectors with a zero energy gap were considered, and it was shown that the quantum channel arizing in this scenario is entanglement-breaking.
A quantum channel is called entanglement-breaking when it can be realized by performing a measurement on the input state and transmitting the resulting classical information to the receiver, who then prepares a quantum output state depending only on the transmitted measurement result [28] . (As the name suggests, when an entanglement-breaking channels is applied to one part of a composite system, the output state of the total system is always separable, even if the initial state was entangled.) Notably, channels with this property have zero quantum capacity.
In fact, a closer analysis of the scenario in [13] shows that not only the channel from the sender to the receiver, but already the channel from the sender to the field is entanglement-breaking. This means no quantum information is transmitted from the sender to the field in the first place.
The reason for this lies in the vanishing energy gap Ω ν = 0 of the detectors: For zero-gap detectors the free detector Hamiltonian can be considered to vanish (or is proportional to the identity). As a result, the state of the field after interacting with Alice's detector depends only on the measurement outcome of a single fixed observable -the interaction Hamiltonian -with respect to Alice's initial state. Thus, only classical information is transmitted from the detector to the field. As described above, this characterizes an entanglement-breaking channel which yields no quantum capacity.
One way to achieve non-zero quantum capacity would be to use detectors with a non-zero energy gap, since the non-trivial free Hamiltonian can be thought of as dynamically changing the observables while the detector is coupled to the field. However, general solutions for this case have not yet been developed.
We will bypass this problem by instead allowing two instantaneous interactions, at different times t = t i and with different observables. This idealization (See e.g., [27, 29] ) still admits a straightforward nonperturbative treatment. With this kind of coupling, and as we will see below, if we choose two interaction Hamiltonians that do not commute, the protocol allows for quantum state transfer from the detector to the field.
C. Instantaneous interaction yields controlled displacement operator
Using the detector model introduced above, we will now construct a coupling that effectively applies a displacement operator to the field, conditioned on the state of the detector. We assume the detector to be a two-level system and take the coupling to be localised at a single time t = t i . For the remainder of this article, we assume the field to be a massless scalar Klein-Gordon field in (1+1)-dimensional Minkowski spacetime. (Section V considers a one-dimensional cavity.)
All couplings in our signalling protocol are of the same general form, which is a slight variation of the general Unruh-DeWitt interaction Hamiltonian introduced above. We introduce and discuss it here, using the example of the Hamiltonian of Alice's first coupling to the field, which reads
The objects in this expression, from right to left, are the following: dx f (x)π − (x, t 0 ) is the field observable to which the detector is coupled. The function f (x) describes the spatial profile of the detector. We choose it real-valued and compactly supported. Weighted by this profile function, the detector couples to the right-moving conjugate momentum of the field
By coupling the detector to the right-moving sector of the field we ensure that all information about Alice's initial state only propagates in one direction. This overcomes the obstacles arizing from a symmetric coupling to the field discussed in Section II. It makes it possible to transmit a quantum state coherently to a single receiver located to the right of Alice. (More details on the separation of the field into left-moving and the right-moving sector can, e.g., be found in [7] .) In the standard Unruh-DeWitt Hamiltonian, the field is coupled to the monopole operator of the detector, which, under the identification |e = |+Z , |g = |−Z , corresponds to the Pauli-matrix σ X = |+X +X| − |−X −X|. For the purpose of constructing a basic protocol of quantum state transfer, it is more convenient to couple the field to the observable
i.e., the projector onto one of the eigenstates of σ X . The Dirac distribution δ(t − t 0 ) serves as switching function. It models the interaction between detector and field as taking place instantaneously at t = t 0 . This is in contrast to more commonly used switching functions, which couple the detector to the field for an extended time.
The coupling constant µ A sets the overall strength of the interaction between the detector and the conjugate field momentum. It has the dimension of mass, which ensures the correct dimension of the Hamiltonian overall.
We will now show that the action of the operator U (1) corresponds to a conditional multi-mode coherent state displacement. First, note how the instantaneous coupling allows straightforwardly for a non-perturbative treatment of the interaction by eliminating the time ordering, T , from the Dyson series expansion of the time evolution operator. Therefore, the unitary relating the joint field-detector states before and after the interaction can be written as
Notice that the field operator can be written as
where we denotef
Defining
where θ(k) denotes the Heaviside function, one can then write the time evolution operator as
where
we indicate that the operator displaces the field by α 1 conditioned on Alice's detector being in the state |+X . For example, the vacuum state of the field is displaced to multi-mode coherent state |α 1 = D α1 |0 if Alice's detector is in the state |+X .
D. Transferring Alice's state to the field
We will now show how one can transfer Alice's state to the field by using two non-commuting controlled displacement couplings.
We assume that Alice's detector and the field start out in the pure product state
The first interaction U (1) , discussed in the previous section, evolves this initial state into
One can now verify that the channel from Alice's initial state to the state of the field resulting from a single coupling is entanglement-breaking, which means that it cannot transmit quantum information coherently. To see this, consider the partial state of the field after this first interaction, obtained by taking the partial trace over Alice: it reads
i.e., it is a function only of the expectation value
, which is insufficient for transmitting quantum information coherently.
In order to enable the coherent transmission of quantum information to the field, we add a second interaction, at a later time t = t 1 , which couples the detector through the σ Z Pauli matrix instead of σ X in (10) . By an analogous calculation, one can see that this second interaction applies a unitary
with the displacement
This displacement differs from the first coupling only by a k-dependent phase, α 1 (k) = α 0 (k)e ik(t1−t0) , because we assume the detector profile to remain constant.
To simplify subsequent calculations, we assume that the time delay t 1 − t 0 between the two interactions is larger than the maximal diameter of the support of the detector profile function f (x). This means that the spacetime points at which the detector couples the second time lie inside the future lightcone of the spacetime points at which the detector interacts with the field the first time, at t = t 0 . Under this assumption, the two displacement operators D α1 and D α2 commute, as discussed in (A13):
The second coupling evolves the detector and the field into the joint state
Note that, for strong interactions, the four field states {|0 , |α 1 , |α 2 , |α 1 + α 2 } are pairwise (almost) orthogonal,i.e., their mutual overlap is neglible ( α 1 |α 2 ≈ 0 etc.). This condition is reached in the limit of large interaction strength, as measured by dk |α 1 | 2 and dk |α 2 | 2 ,which can be achieved by choosing a large enough coupling constant µ A . Note that, in this limit, Alice is (almost) maximally entangled with the field after the two couplings, independent of what her initial state was. However, a measurement of Alice's detector can only reveal in which way her initial state (parametrized by the coefficients x ± ) is now encoded in the field, but it cannot reveal information about that state itself. All information about Alice's initial state has been transferred to the field.
E. Quantum capacity of the channel from Alice to the field
In order to assess the quantum capacity of the channel from Alice's initial state to the state of the field after the second coupling, we will consider the coherent information between the field and an ancilla that was initially in a particular maximally entangled state with Alice's detector. This provides a lower bound on the channel's quantum capacity [30] [31] [32] .
Let A denote an ancilla qubit, which is prepared in a maximally entangled state with Alice's detector,
After the two interactions, we obtain a state ρ AA F = U |ψ AA |0 F ψ| AA 0| F U † , which may generally contain entanglement between Alice, the ancilla, and the field degrees of freedom.
We are interested in the coherent information between the ancilla A and the field F in this state, (26) where S(ρ) = − Tr ρ log 2 ρ denotes the von Neumann entropy of the state ρ. The evaluation of I(A > F ) can be simplified by replacing the partial states above, which act on the infinite-dimensional Hilbert space of the field, with partial states of the two qubits only. This is possible because the initial state |ψ AA |0 F , and consequently also the final state ρ AA F , are pure. Therefore, the von Neumann entropies of complementary partial states are equal, e.g., S (Tr AA ρ AA F ) = S (Tr F ρ AA F ). This allows us to rewrite the relevant coherent information in terms of the partial state on Alice's detector and the ancilla, ρ AA ≡ Tr F ρ AA F , as
In order to obtain ρ AA and compute the coherent information of the channel, we note that the overall state (26) of the channel from Alice's detector to the field for a triangle-shaped detector profile (29) . The lower bound is obtained by evaluating (27) for the initial state (25) . As long as the separation between the two couplings is strictly timelike t1 − t0 > L, the influence of the time delay t1 − t0 is negligible. (The plot shows t1 − t0 = 1.5L.) For strong enough couplings the coherent information soon approaches its maximum possible value of 1 bit. This means that all information about Alice's initial state is transferred to the field.
after the two couplings is
One can see immediately that, independent of the result of a hypothetical measurement on Alice's detector, the field and the ancilla end up in an entangled state, suggesting that coherence is preserved. Whether Alice's detector is in the state |+Z or |−Z only determines which entangled state is realized on A F . In particular, consider the limit where the overlap of the coherent field states can be neglected: in this case, the ancilla and the field end up in one of two different maximally entangled states.
In order to verify that the protocol yields non-zero quantum capacity from Alice to the field, we performed numerical calculations for a particular case. We chose the spatial profile of Alice's detector to be a triangle function,
which has support on the interval −L/2 < x < L/2 and dx f (x) = 1. The size of the displacement resulting from this profile function is given by
i.e., the overlap of the displaced field state |α 1 and the vacuum state is
2 /π . Note that it is a function only of the ratio between the coupling constant µ A and the detector diameter L. Since we assume that the two interactions of Alice with the field are strictly timelike separated, we have t 1 − t 0 > L. Under this condition, the influence of the exact value t 1 − t 0 on (the lower bound on) the coherent information is negligible.
The results for the lower bound on the coherent information of the channel from the detector to the field, as a function of the coupling strength, are shown in Figure 2 . One can see that, with increasing coupling strength, the coherent information -and thus the quantum capacity of the channel from Alice's detector to the field -approaches 1 bit, which is the maximum value possible. In particular, for coupling strenghts µ A 0.75L, Alice can transmit quantum information into the field with nonzero quantum capacity.
IV. RETRIEVING THE QUBIT STATE FROM THE FIELD
In the previous section we demonstrated how Alice can transmit the initial state of her detector coherently to the quantum field. The information about Alice's initial state is imprinted into the field observables in the two spacetime patches in which Alice couples to the field. (These are determined by the support of the detector profile function.) These observables propagate to the right at the speed of light since Alice coupled to the right-moving momentum of the field.
In order to achieve quantum state transfer from Alice's to Bob's detector, Bob now has to retrieve the information about Alice's initial state from the field. In the following we will use a sequence of three interactions between Bob's detector and the field for this which essentially implement a SWAP gate between the field and the detector. (See the spacetime diagram in Figure 3 .) Our protocol makes use of the methods developed in [14, 33] .
We refer to the first and the third coupling as sensing information from the field because they are designed to change the state of Bob's detector conditional on the field state. At the same time, it is important for the fidelity of the state transfer protocol that these interactions change the field state as little as possible.
The second interaction between Bob and the field is designed to erase information about Alice's initial state from the field. This is necessary because, due to Quantum No-Cloning, state transfer from Alice to Bob is impossible if the field retains information about Alice's message. Therefore, the second interaction acts back on the field, conditional on the state that Bob's detector acquired in the first interaction. More specifically, it undoes the displacement that Alice imprinted on the field in her first interaction, which was specified by α 1 .
All three interactions have the same structure as Al-
Alice Bob (17), (21), (35), (54) and (57). Displacements denoted by αi correspond to a strong interaction with the field, whereas γi denote weak interactions with the field which Bob uses to sense Alice's displacement of the field.
ice's interactions before, and consequently the corresponding unitaries also have the form of controlled displacement operators, as in (17) . However, the coupling parameters need to be chosen so as to reflect the different role of the interactions. In the following we discuss, step by step, how the three couplings transfer Alice's message from the field to Bob's detector. Ideal state transfer would be achieved if Bob's detector ended up in the pure state |ψ B = x + |+X B + x − |−X B . We will discuss below how the couplings put Bob's detector in a mixed state ρ B which is very close to this ideal target state. In fact, Appendix C shows that Bob's final state can be brought arbitrarily close to the target state by reducing the strength of his first and third interactions with the field.
A. Bob sensing the displacement of the field
Alice's interaction with the field left the field and her detector in the state (24) . In particular, if Alice's detector started in the state |+X A , then the field and her detector are now in the state
and if Alice started in the state |−X A , then the field and Alice are now in the state
We will use these two cases to discuss the action of Bob's interactions with the field. In the end, we can obtain the outputs corresponding to arbitrary initial states of Alice by superposing the results for the two particular cases. Note in the above equations that the field is displaced by α 1 if Alice started in the state |+X A , but not if she started in |−X A . The first coupling is designed to transfer this information onto Bob's detector. (The displacement by α 1 that we consider here is in addition to a possible displacement by α 2 , which we will address later on.) We assume that Bob couples his detector to the field exactly at a time t = t 2 when the lightrays emanating from Alice's first coupling reach him. (See Figure 3. ) Furthermore we assume that Bob's detector is initialized in the state |−X B . Therefore, in order to detect whether the field is displaced by α 1 or not, the first coupling should flip Bob's detector state into |+X B , if the field is displaced along α 1 , but leave the detector state unchanged otherwise. That is, we want to achieve that
up to some small error term. This can be achieved by a unitary of the same form as in previous steps,
if the displacement γ 1 is chosen such that
while
In the following we discuss how such a displacement operator can be constructed. First, note that the action of D γ1 is generally independent of whether the field is displaced by α 2 or not, because the two couplings V (1) and U (2) are spacelike separated (see Figure 3) , and therefore the respective displacement operators commute, [D γ1 , D α2 ] = 0 (see (A12)).
In order for D γ1 to have the desired effect, the displacement γ 1 has to fulfill two requirements, namely
and
Condition (38) ensures that, under the action of D γ1 , the states that are displaced by α 1 acquire a phase, e iϕ(γ1,α1) = e iπ/2 , in addition to the displacement by γ 1 . That is,
as follows from the composition formula for displacement operators (A9). The second requirement ensures that the displacement of the field due to γ 1 is small, so that the error in (33) and (34) is small. In fact, by (A5), we have, e.g.,
such that
and analogously
, which is what we required in (39). Therefore, when both requirements are fulfilled, Bob's first coupling flips Bob's state if Alice had originally started out in the state |+X A ,
but leaves it unchanged if Alice had started in |−X A ,
The question now is how Bob can design a coupling that fulfills requirements (38) and (39). Since the signal is encoded into the momentum of the field, it may appear natural to have Bob read out the signal by coupling to the amplitude of the field. This is possible, as we discuss in Appendix B, but in the present (1+1)-dimensional setting, this gives rise to well-known infrared divergences which need to be addressed carefully.
The problem of IR divergence can be avoided altogether by coupling Bob to the right-moving momentum of the field, like Alice. Of course, in order for Bob to be able to obtain any information about Alice's first coupling, he must couple to the field through a field observable that does not commute with the observable through which Alice coupled (see (10) ). This can be achieved if Bob uses a different detector profile from Alice. For example, Alice could use an asymmetric profile function and Bob the mirrored version thereof.
Based on these considerations, we let Bob couple to the right-moving field momentum by
to generate V (1) . Then
where h(x) = g(x + (t 2 − t 0 )) is Bob's shifted profile function, and we use the commutation relation (see, e.g., [7] )
Here, δ (x) is the distributional derivative of the Dirac δ-distribution, satisfying dx δ (x)f (x) = −f (0). This allows us to fulfill both requirements on γ 1 , (38) and (39): choosing
ensures that ϕ(γ 1 , α 1 ) = π/2, while
makes γ 1 2 finite and inversely proportional to Alice's coupling strength µ A .
B. Bob acting back on the field
The objective of the second coupling is to undo the displacement of the field along α 1 , so as to delete this piece of information from the field. Since Bob has just read out whether the field is displaced along α 1 , he can use the coupling
which is essentially the inverse of Alice's first coupling. If Alice, in her first coupling, displaced the field by α 1 , then Bob's detector, after his first coupling, is now in the state |+X B . In this case, his second coupling undoes the displacement by D(−α 1 ):
where we abbreviate |x + = |x + A,F |−X B . If, on the other hand, Bob remained in the state |−X B after his first coupling, then the field state is also unchanged by V (2) :
A challenging feature of this second coupling is that, in order to realize the displacement operator D −α1 , Bob needs to interact with the same field observables as Alice did in her first interaction. However, these are the same observables with which Bob already had to interact in his first coupling. This raises the question of how Bob can access the field observables, which are propagating at the speed of light, at two different points in time.
A simple answer to this question is to put the entire setup in a Dirichlet cavity: Here Bob could just wait for Alice's signal to return to him after being reflected by the cavity walls and implement V (2) then. (Since Bob's second and third coupling, which will be defined in (57), always commute by construction, Bob can swap the order of the second and third couplings if necessary.) In free Minkowski spacetime the situation is more difficult: in this setting, in order to access the observables to which Alice coupled at two different points in time, Bob's detector profile would have to shift along with the signal's propagation, at the speed of light.
Leaving aside the fact that this would require the detector to move at the speed of light, this scenario raises the more fundamental issue of faster-than-light signalling. In order for the interaction of Bob and the field on the left boundary of Bob's detector profile during the first interaction V (1) to have an influence on the interaction on the right boundary of Bob's detector profile during the second interaction V (2) , the information obtained in the first interaction would have to propagate faster than light across the detector.
Therefore, in free Minkowski spacetime, the simple model we employ here is at conflict with causality on scales comparable to the extension of the detector profile function. It is conceivable that this problem could be resolved by more complex sequences of interactions between Bob and the field. For instance, Bob's detector profile could be divided into intervals, and accordingly the interaction between detector and field would be factorized into interactions within the individual intervals. It might then be possible to find a product of interaction operators resembling V (2) V (1) , such that the interactions realized within any given interval are preceded only by the interactions in the intervals to their right. This would restore causality as the number of intervals is increased, since in this scheme causality would only be violated on the scale of the length of the intervals.
C. Bob disentangling from Alice and the field
The first two couplings of Bob's detector are sufficient to bring it into the correct final state if Alice's initial state was either |+X A or |−X A . However, for general initial states, i.e., superpositions of these two states, state transfer is not complete yet. This is because Bob, in general, is still entangled with the field and Alice after his first two couplings. So the partial state of Bob's detector is an incoherent mixture of |+X B and |−X B . In order to put Bob's detector in the final (pure) target state, the third coupling needs to disentangle Bob from the field and Alice.
We see in equations (55) and (56) that the entanglement between Bob, and the field and Alice arises because the two states of Alice and the field,
, are orthogonal to each other. This can be remedied by choosing Bob's third coupling such that it applies a phase −1 if Bob is in the state −X B and the field is displaced by α 2 . That is, let
where γ 2 is chosen such that
This coupling V (3) relates to Alice's second coupling in the same way as Bob's first coupling relates to Alice's first coupling. As indicated in Figure 3 it takes place at time t = t 4 when the lightrays from Alice's second coupling reach Bob.
For simplicity, we assume that both of Alice's couplings use the same profile function of the detector, so that α 1 2 = α 2 2 , and accordingly γ 1 2 = γ 2 2 . This allows us to express the errors in the subsequent calculations in terms of a single parameter.
Analogously to (46), we have
whereas if Alice started in |+X A , then Bob's final coupling has no effect,
We see that after Bob's final coupling, the field and Alice are in the same state in both cases. This means that also for an arbitrary state |ψ = x + |+X +x − |−X we obtain
In other words, up to order O γ 1 2 , Bob's detector ends up in Alice's pure initial state. In fact, as shown in Appendix C, the overlap of Bob's exact final state ρ B and the ideal pure target state is at least
We conclude that arbitrarily state transfer is possible if Bob's sensing interactions can be designed such that the field states are hardly displaced by them, i.e., γ 1 2 , γ 2 2 << 1 are very small.
V. DELOCALIZING QUANTUM INFORMATION IN A CAVITY FIELD
The previous section showed that quantum state transfer is possible between detectors that only couple to the right-moving momentum, i.e., to only one sector of the field. In this way, the complete information about Alice's initial state propagates towards a single receiver without being dispersed in different directions. Consequently, a single Bob is able to receive all the information and recover Alice's initial state from the signal.
As discussed in Section II, coupling Alice to the field symmetrically would be a hindrance to the transmission of quantum information: If Alice couples symmetrically to both the left-and right-moving sector, emitting equally in both directions, then a receiver must have access to both parts of the signal in order to retrieve Alice's initial state from the field.
However, this particular obstacle to quantum state transfer may be a key feature for implementing other information processing tasks, akin to quantum bit commitment or quantum secret sharing, because it forces receivers to cooperate if they want to retrieve quantum information from the sender's signal.
In the 1+1-dimensional scenarios that we are considering, there are two parts of the signal which propagate in opposite directions at the speed of light. Therefore, they cannot be accessed by a single localized observer, but only by two parties who cooperate. For example, they could reflect the signal with a mirror, or capture their respective part of the signal, bring their detectors together and then perform a joint unitary on them. However, between the time when Alice injects her state into the field and the time when the two parts of her signal can be reunited, her message is delocalised and locked away in the field, inaccessible to any party.
One way to implement such a protocol is based on the same couplings discussed in the previous sections. Alice performs essentially the same steps as in Section III, but couples to the full conjugate momentum of the field, π = π − + π + , including both left-and right-moving modes. Two receivers, one on the left (L) and one on the right (R) of Alice, can then extract Alice's initial state from the field by coupling their detectors to the left-moving (respectively right-moving) momentum of the field, as in Section IV. One additional modification is necessary in the final step, when the Bobs seek to get disentangled from Alice and the field: Here, each Bob must acquire only half of the phase compared to the original protocol (58). That is, they must choose γ 2 such that ϕ(γ 2 , α 2 ) = π 4 . Such a protocol would then transfer an arbitrary initial state |ψ = x + |+X + x − |−X of Alice to the state
i.e., it transfers Alice's initial state into a generally entangled joint state of the two receivers.
In the following we discuss a slightly different scenario, depicted in 4, which couples the detectors to the amplitude of the (massless, scalar Klein-Gordon) field inside a Dirichlet cavity. There are several motivations for considering this variant:
Inside a cavity, the protocol only requires a single receiver, because Alice's signal is reflected by the cavity walls such that both parts of the signal naturally recombine periodically. Therefore, as far as potential future experimental implementations are concerned, a Dirichlet cavity may not only resemble an experimental setup more closely, but also allow for a less complex implementation.
Furthermore, realizing the protocol inside a cavity allows us to couple detectors to the field amplitude, which reduces the total number of couplings between detectors and field to four (from five in the previous section), and furthermore avoids the causality issue discussed in Section IV B. This is because the commutator of the field amplitude is constant between strictly timelike separated points [7] in 1+1 dimensions, such that one can implement two non-commuting couplings between the field and a detector without having to move the detector at all. Coupling to the amplitude of the field is problematic in free 1+1 dimensional Minkowski spacetime, where IR divergences occur, as discussed in Appendix B. However, inside a Dirichlet cavity, because of the discrete mode structure of the field and the absence of a zero-mode, there occur no infrared divergences. Using these features of the cavity setting, we choose Alice's couplings to the field such that they already disentangle her detector from the field. In contrast to this, the previous protocol left Alice's detector and the field maximally entangled. Disentangling Alice from the field is possible by designing Alice's second coupling analogous to Bob's first coupling to the field.
A. Disentangling Alice from the field
Just as in Section III, we denote Alice's initial state by |ψ = x + |+X + x − |−X , and assume that the field starts out in the vacuum |0 . Formally, also the first coupling between Alice and the field looks identical
However, there are a few differences between this coupling and the first coupling of Section III: Most importantly, the interaction here is generated by coupling the detector to the field amplitude, instead of the field momentum, through
Note that for the coupling to the field amplitude, the coupling constant λ 1 is dimensionless, in contrast to the coupling constants for the field momentum in the previous sections.
Inside the cavity the field is expanded into the discrete set of modes
Accordingly, the multi-mode displacement operator D α now acts on a discrete set of modes, instead of a continuous set of modes. This means that the displacement amplitude is now a function of the mode number j. In particular, Alice's first coupling (65) results in a displacement
. Accordingly, for discrete modes we define
Adapting the formulae in Appendix A amounts to replacing the momentum space integrations dk → j=1,2,... by sums over the mode number. After the first coupling, Alice and the field consequently are in the state
which formally is the same as (19) , but with the displacement now given by (67). The second coupling between Alice is different from the second coupling in Section III. Instead of acting strongly for a second time on the field, we now use a sensing interaction, like Bob's first coupling. It flips the detector state conditioned on the field state, but its effect on the field, in turn, is negligible.We denote it by
and require ϕ(γ, α) = −π/2 and γ 2 << 1. From these requirements, as shown in (46), it follows that D γ |α ∼ − |α + O( γ 2 ), whereas D γ |0 ∼ |0 + O( γ 2 ). Hence,
which means that, up to corrections of order O( γ 2 ), Alice and the field are left in a product state.
To implement the second coupling we can use the fact that the commutator of the field amplitude of a massless field has timelike support: In free Minkowski spacetime it is constantly [φ(x, t 0 ), φ(y, t 1 )] = i/2 if (y, t 1 ) is inside the future lightcone of (x, t 0 ). Inside a Dirichlet cavity this still holds true if by the time t 1 no lightrays reflected by the cavity walls have reached from x to y (see, e.g., [7] ). This allows Alice to implement the second coupling inside the future lightcone of her first coupling. Thus we avoid the causality issue discussed in Section IV B, where Bob had to move at the speed of light in order to couple to the same field observables twice.
We choose Alice's second coupling to take place at time t = t 1 such that the delay t 1 − t 0 is long enough for the couplings to be timelike separated, but short enough such that reflected lightrays emanating from the first coupling have not yet returned to Alice. Then, if we denote the interaction Hamiltonian of the second interaction by
we obtain, by (A12),
Assuming a normalized profile function, dx f (x) = 1, we can achieve the first requirement on γ by choosing the coupling constant of the second coupling to be
The coupling constants being inversely proportional to each other also helps to fullfill the second requirement of γ 2 << 1, because
as λ 1 → ∞ increases.
B. Bob reading out the field state
The advantage of disentangling Alice from the field is that Bob knows in advance in which way Alice's message is encoded in the field. This allows him to read it out with just two couplings, instead of the three couplings of Section IV.
Since Bob starts in the state |−X , it is easy to see from (71) that the couplings that allow Bob to transfer the state from the field into his own detector are given by unitaries which are exactly the inverses of the U (2) and U (1) : this gives 
More precisely, Bob's first coupling needs to correspond to the inverse of Alice's second coupling. This means it should read
. (78) (The same can also be achieved with V (1) = |−Z −Z|⊗ D γ + |+Z +Z| ⊗ I, since the relevant phase factor is e i2ϕ(γ,α) = e i2ϕ(−γ,α) = −1 in either case.) Just as Alice's second coupling, this first coupling of Bob can be implemented inside the lightcone of Alice's first coupling, before the reflected lightrays from Alice's first coupling reach Bob's location. Bob's second coupling needs to be timed more carefully, and it requires Bob to be located exactly where the lightrays from Alice's first interaction intersect again, after being reflected by the opposite cavity walls. This is because Bob needs to undo the field displacement from Alice's first interaction with his second coupling,
Therefore, it needs to take place exactly when the lightrays from Alice's first coupling reach Bob, so that he has access to the same field observables that Alice coupled to in her first interaction. These restrictions on the retrieval ensure that, once Alice has injected her message into the field, it cannot be coherently extracted again before at least one light cavity crossing time has passed.
VI. CONCLUSIONS AND OUTLOOK
A characteristic feature of wireless communication is the multi-directionality of the emission of signals. Here, we studied to what extent multi-directional emission can be used to broadcast not only classical but also quantum information. On the one hand, because quantum information cannot be cloned, it is not possible to send the same quantum information simultaneously to several receivers. In fact, we showed that in such broadcasting scenarios, the quantum capacity between a sender and any single receiver vanishes. We showed that, for a class of such scenarios, this can be seen as a consequence of anti-degradability of the quantum channel from the sender to any single receiver is an anti-degradable channel (intuitively, such a channel loses at least half of the information [17, 18] ).
On the other hand, we have shown that symmetric signals could be specifically designed such that different receivers are required to cooperate in order to retrieve the quantum information emitted by the sender. This could be of interest for quantum information processing tasks similar to quantum secret sharing or quantum bit commitment [9] [10] [11] [12] .
Studying the concrete case of a relativistic quantum field in 1+1 spacetime dimensions, we have given a nonperturbative account of wireless quantum communication between localized observers, which were modeled as Unruh-DeWitt particle detectors. In particular, going beyond previous literature, we have developed a protocol which performs quantum state transfer between particle detectors and can in principle come arbitrarily close to optimal quantum capacity.
To build this protocol, we extended coherent state methods developed for the transfer of qubit states to a single harmonic mode of the electro-magnetic field in a cavity. We extended this to the coupling between a localized model atom and the many modes (continuous or discrete) of a relativistic field.
In conclusion, aiming to advance our understanding of quantum fields from an information-theoretical point of view, we here proposed a prototype framework for the study of quantum information transmission through quantum fields. It should be very interesting to extend the present study to general relativistic settings such as expanding universe scenarios and, in particular, also to the study of the extent to which black holes broadcast classical and quantum information in Hawking radiation.
and they displace the vacuum into the coherent state
The scalar product of two coherent states is 
where we introduced the notation
One can see that the coherent states |α and |α + have a large overlap when 2 is small. Consequently, an equally weighted superposition of the two can vanish depending on the relative phase of the terms; in particular |α ± e iϕ( ,α) |α + 
The composition of two displacement operators is 
